Resins coated with nickel/nickel boride nanoparticles were used to remove brilliant green, methyl violet, methylene blue, phenosafranine, and brilliant cresyl blue from water. The effects of pH, adsorbent dose, contact time, and initial dye concentration on the adsorption efficiencies were investigated. The point of zero charge for the adsorbent was pH 9.5. Isotherm studies were conducted using Langmuir, Freundlich, and Dubinin-Radushkevich models, and thermodynamic studies were also performed. Adsorption of the five dyes was found to obey the Langmuir isotherm model and was endothermic. The maximum adsorption capacities calculated from the Langmuir isotherm were 66.7, 88.5, 144.9, 56.2, and 147.1 mg/g for methylene blue, brilliant cresyl blue, methyl violet, phenosafranine, and brilliant green, respectively. E values obtained from the Dubinin-Radushkevich isotherm showed that the adsorption mechanism was chemical in nature. Furthermore, three kinetic models (pseudo first-order, pseudo second-order, and intraparticle) were investigated. The pseudo second-order kinetic model fit the five cationic dyes best.
time, and initial dye concentration were examined. Isothermic, thermodynamic, and kinetic parameters were also evaluated. The method was applied successfully to the removal of cationic dyes from model solutions.
Results and discussion

Characterization of the adsorbent
Ç iftçi and Henden previously characterized Ni/Ni x B-NPCR using scanning electron microscopy combined with X-ray energy dispersive spectrometry (EDX), atomic force microscopy (AFM), and X-ray electron spectrometry. 23 Furthermore, the Ni/Ni x B layer was analyzed in detail in another previous study. 24 According to the AFM analysis, the diameters of the Ni/Ni x B nanoparticles on the resin were in the range of 18 nm to 50 nm. EDX analysis showed that the particles consisted of nickel, boron, oxygen, and carbon. The amounts of nickel and boron in the coating layer were also determined using a flame atomic absorption spectrometer and the spectrophotometric azomethine method, respectively. The amounts of nickel and boron were found to be 49.20 ± 0.02 and 3.17 ± 0.32 mg/g, respectively.
The effect of pH
The effect of pH on the removal efficiencies was studied in the pH range of 3-10 for all dyes. The removal efficiencies of MB, PS, BG, MV, and BCB are presented in Figure 1a . The final pH of the dye solution increased to almost 9 after adsorption, regardless of the initial pH. As shown in Figure 1a , the removal efficiencies were not significantly affected by the initial pH, and the removal efficiencies were 75%-87%, 88%-97%, 92%-97%, 97%-98%, and 87%-95% for MB, PS, BG, MV, and BCB, respectively. 
Determination of the point of zero charge
Study of the pH of the point of zero charge (pH pzc ) of the adsorbent gave information about the adsorption process. The pH pzc is defined as the pH value at which the charge of the positive surface sites is equal to the negative surface sites. Determining the pH pzc identifies possible electrostatic interactions between adsorbent and dye molecules. The surface of the adsorbent was negatively charged and could interact with the positively charged species when the solution pH was higher than the pH pzc . Conversely, at pH values lower than the pH pzc , the surface of the adsorbent is positively charged and should only interact with negatively charged species. 25 The pH pzc of the adsorbent is shown in Figure 1b and was found to be 9.5. It was expected that the removal efficiencies would be low in acidic solutions because of the electrostatic repulsion between the positively charged adsorbent and the positively charged dye molecules. However, the removal efficiencies were high at pH values both lower and higher than the pH pzc . Considering that all of the final solution pH values were above 9 and independent of the initial pH, the surface of the adsorbent was negatively charged. Therefore, the adsorption mechanism was based on electrostatic attraction. Similar electrostatic interactions for dye removal have been reported for BG removal using an amine-modified tannin gel and Peganum harmala activated carbon, MV removal using magnetic walnut shells and nanostructured carbon-covered sand, and MB removal using magnetic particles loaded with activated carbon.
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The effect of adsorbent dose
The effect of adsorbent dose on the removal efficiency was investigated and is shown in Figure 2 . The graph shows that the removal efficiencies increased by increasing the adsorbent dose and reached a constant value. The removal efficiencies reached 99.3% for BG at 1.2 g/L, 97.6% for PS at 1.8 g/L, 98.8% for MB at 1.8 g/L, 91.2%
for MV at 2.4 g/L, and 93.8% for BCB at 2.4 g/L. The optimum adsorbent doses were selected for further studies as 1.2 g/L for BG, 1.8 g/L for PS and MB, and 2.4 g/L for BCB and MV. The removal efficiency increase for dyes could be explained by increasing the number of adsorption sites on the adsorbent. In other words, the high removal efficiency at higher adsorbent doses was due to the increased number of available adsorption sites.
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Similar patterns have been observed for MV removal using magnetic walnut shells, MB removal using magnetic particles loaded with activated carbon, and BG removal using Peganum harmala activated carbon.
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The effect of contact time
The correlations between contact time and dye removal efficiency were examined. As shown in Figure 3 , the removal rate was high during the first minute. The removal efficiencies reached a plateau after 60 min for PS, MB, and BG and after 240 min for BCB and MV. The high adsorption rate at the beginning may be by virtue of the presence of uncovered sites on the adsorbent surface. Furthermore, the fast removal of the dyes from water could be the result of electrostatic interactions between the negatively charged adsorbent surface and the positively charged dye molecules. 33 However, as the adsorption process continues, all existing adsorption areas are gradually engaged by the dye molecules. 
The effect of initial dye concentration
Dye solutions at different concentrations (5, 10, 25, 50, 100, 200 , and 400 mg/L) were added to the adsorbents and shaken. The removal efficiencies versus the initial concentrations are shown in Figure 4 . The removal efficiencies increased as the initial dye concentration increased until a plateau was reached. Thereafter, the removal efficiencies started to decrease with increasing initial dye concentration. Adsorbents have a certain number of active sites and they become completely occupied after certain dye concentrations are exceeded.
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When the adsorbent cannot provide sufficient unoccupied sites to adsorb all of the dye molecules in the solution, such a decrease emerges 35 This phenomenon occurs as a result of adsorbent surface saturation. initial dye concentrations were determined to be 100 mg/L for BG (98.3%), MV (98.4%), and PS (98.9%) and 50 mg/L for MB (99.6%) and BCB (96.8%).
The effect of temperature on the removal efficiencies
With the optimum parameters in hand, temperature effects on the removal efficiencies of the five cationic dyes were studied at 298 K, 303 K, 313 K, and 323 K. Figure 5 shows the graph of removal efficiencies versus temperature. The removal efficiencies increased as the temperature increased until a plateau was reached. These increases showed that the adsorption was endothermic. The endothermic nature of the adsorption was also verified by the adsorption thermodynamic studies in Section 2.8. The increased temperature can enhance the rate of dye molecules and decrease in the viscosity of the solution and the diffusion rates of the dye molecules increase through the external boundary layer. 14 
Fil et al.,Özdemir et al., Kismir and Aroguz, and Mandal and
Ray reported that the adsorption of MV, MB, BG, and BCB was endothermic.
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Adsorption kinetic studies
Kinetic studies are important for research into adsorption parameters because they help determine the potential applications of the adsorbent. 40 Adsorption kinetics can be evaluated using reaction-and diffusion-based models.
The linearized pseudo first-order and pseudo second-order kinetic equations are described by Eqs. (1) and (2), respectively:
(1)
Here, q e and q t indicate the adsorption capacity at equilibrium (mg/g) and at time t, respectively; k 1 and k 2
are the pseudo first-order (1/min) and pseudo second-order rate constants (g/mg min), respectively. Given that these kinetic models are inefficient at providing information about the reaction mechanism, a diffusion-based model was also studied. The intraparticle diffusion model was evaluated as follows:
Here, t is the contact time (min) and k int (mg/g min 0.5 ) and I (mg/g) are the intraparticle diffusion constants.
When the plots of q t versus t 0.5 are drawn with the experimental data, a linear relationship that passes through the origin is seen; this relationship indicates that the adsorption processes are entirely based on intraparticle diffusion. When the plot does not pass through the origin but still has a linear slope, a mechanism involving the external mass transfer or chemical adsorption is valid 41 When multilinear plots are obtained, multiple association stages are possible. I is the intercept of the linear equation and defines the thickness of the boundary layer. The boundary layer effect increases with increasing intercept value. 38 Under the intensive shaking conditions during the adsorption process, the intraparticle diffusion of dyes from solution to adsorbent surface is generally a limiting step.
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Figures 6a-6d show the effect of time on the adsorption efficiency and the linearized pseudo first-order, pseudo second-order, and intraparticle diffusion kinetic models. Kinetic constants belonging to the pseudo first-order, pseudo second-order, and intraparticle diffusion kinetic models are shown in Tables 1 and 2 .
The pseudo first-order constants were calculated using the intercept and the slope of the graph of ln (q e − q t ) versus time. The correlation coefficients of the graphs were found to be low (0.9007 for MB, 0.9725 for BG, 0.5705 for BCB, 0.9849 for PS, and 0.9810 for MV), and the experimental q values of the dye were not close to the calculated q values. Hence, the pseudo first-order model was not applicable. As shown in Table 1 and Figure  6 , the maximum correlation coefficients for the dyes were obtained with the pseudo second-order equations. Therefore, the pseudo second-order kinetic model led to the adsorption kinetics of MB, BG, BCB, PS, and MV. This result indicates that the rate-limiting step of the adsorption process was chemisorption.
14 Chemical adsorption, which contains valence forces through the sharing or exchange of electrons between adsorbent and dye molecules, may control the adsorption process. 42 Moreover, the values of q e , calc and q e,exp2 were close to each other and indicated that the pseudo second-order kinetic model fit the experimental data. According to Allen et al., 43 it is impossible to differentiate between physical adsorption and chemisorption in certain circumstances despite high R 2 values; moreover, in some conditions, both types of adsorption may be active.
In Figure 6d , for the intraparticle model, the graphs did not pass through the origin and indicated that the intraparticle diffusion model did not play an important role. Furthermore, the rate-limiting step may be 
Thermodynamic studies
Thermodynamic studies provide information about the effect of temperature on the adsorption process. They display the spontaneity, randomness, and endothermicity/exothermicity of the adsorption processes. 
Here, ∆G • is the free energy change (kJ/mol), R is the gas constant (8.314 J/mol K), K L is the thermodynamic equilibrium constant, and T is temperature (K). K L values were found from the ratio of the adsorbed dye concentration (mg) and equilibrium dye concentration in solution (mg/L). The parameters of ∆ H and ∆ S were acquired from the slope and the intercept of the Van't Hoff graph between lnK L and 1/T, respectively. Table 3 . Table 3 , were negative. Therefore, the adsorption processes were feasible and spontaneous for all of the studied dyes. 38 The positive values for ∆S • implied an increase in randomness and the affinity of the adsorbent for the dye molecules.
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Adsorption isotherms
The adsorption isotherms were plotted to discover the correlation between the amount of adsorbed species and remaining concentration in the solution under equilibrium conditions. The Langmuir isotherm identifies monolayer adsorption assuming that the adsorption energy stays constant. 14 The Freundlich isotherm provides information on whether the adsorption is multilayer and heterogenic. The Langmuir, Freundlich, and DubininRadushkevich (DR) isotherm models were applied to the equilibrium data, and the Langmuir and Freundlich isotherms were evaluated using Eqs. (8) and (9), respectively:
Here, C 2 is the equilibrium concentration of the solution (mg/L), q is the amount of adsorbed dye/amount of adsorbent (mg/g), b is the Langmuir constant (L/mg), Q max is the monolayer adsorption capacity (mg/g), K
is the Freundlich constant (adsorption capacity (mg/g)), and 1/n is a dimensionless Freundlich constant for the intensity of the adsorbent.
The highest correlation coefficients were obtained using Langmuir isotherms. This finding indicated that all of the adsorptions were monolayer on homogeneous sites. According to Langmuir isotherms, the maximum adsorption capacities of MB, BCB, MV, PS, and BG were calculated to be 66.7, 88.5, 144.9, 56.2, and 147.1 mg/g, respectively. The DR isotherm was plotted for understanding the adsorption type using Eq. (10):
Here, ? (Polanyi potential) is (RTln(1 + 1/C 2 )), Q is the amount of dye adsorbed per unit weight of adsorbent (mol/g), Q max is the adsorption capacity (mol/g), C 2 is the equilibrium concentration of the dye in an aqueous solution (mol/L), k is a constant related to adsorption energy (mol 2 /kJ 2 ) , R is the gas constant (kJ/mol K), and T is absolute temperature (K).
The mean free energy of adsorption (E), which is defined as the free energy change when one mole of ion is transferred to the surface of a solid from infinite space in solution, can be calculated from the k value using Eq. (11):
The value of E (kJ/mol) is used for predicting the type of adsorption. When the value is below 8 kJ/mol, physical adsorption occurs. When the value is between 8 kJ/mol and 16 kJ/mol, the adsorption is actualized by chemisorption or ion exchange. As shown in Table 4 , the values of E were in the range of 8 kJ/mol to 16 kJ/mol and show that the adsorption mechanism was chemical or ion exchange.
To predict the adsorption efficiency of the adsorption process, the dimensionless equilibrium parameter was determined using the following equation:
Here, C 1 is the initial concentration and b is the Langmuir isotherm constant. R L values of <1 indicate favorable adsorption; when the values are >1, adsorption is unfavorable. The calculated data and the relevant graphs are given in Table 4 and Figures 7a-7d . The R L values of <1 indicated that the adsorption was favorable for all of the dyes.
Conclusions
The removal of the five cationic textile dyes from water was successfully executed using the magnetic Ni/Ni x B-NPCR. Unlike many other adsorbents, the removal efficiencies of the five dyes were found to be advantageously independent of the initial pH. The optimum adsorbent doses were selected as 1.2 g/L for BG, 1.8 g/L for PS and MB, and 2.4 g/L for BCB and MV. The removal efficiencies reached a plateau after 60 min for PS, MB, and BG and 240 min for BCB and MV. The adsorption kinetics of MB, BG, BCB, PS, and MV showed good agreement with the pseudo second-order kinetic model. The adsorption of the dyes was well fitted to the Langmuir isotherm model and indicated monolayer adsorption on homogeneous sites. The values of E in the range of 8 kJ/mol to 16 kJ/mol showed that the adsorption mechanism was chemical or through ion exchange. Adsorption was found to be favorable for all of the dyes. The thermodynamic studies indicated that the process was endothermic, spontaneous, and feasible. A comparison of the developed adsorbent with known adsorbents from the literature can be found in Table 5 . As a result, the synthesized adsorbent provided fast and effective dye removal from aqueous solutions with high adsorption capacities.
Experimental
Chemicals and materials
All of the chemicals used in the study were of analytical grade. Distilled water was used throughout the study. 
Apparatus
A Shimadzu UV-160A UV-Visible recording spectrophotometer was used for the determination of dye concentrations. pH was measured using a Mettler Toledo Five Go FG-2 pH meter. A Biosan OS-10 orbital shaker at 350 rpm and Nuve ST-402 vibration water bath were used for the adsorption studies.
Preparation of resin coated with Ni/Ni x B nanoparticles
Preparation of the Ni/Ni x B-NPCR was adapted from Ç iftçi and Henden. 23 First, the cation exchange resin was ground and sieved. Particles in the range of 250-355 µ m were then obtained. Thereafter, 2 g of resin was weighed and added to a Falcon tube. A total of 40 mL of 5% Ni(II) solution was added to the resin and shaken overnight. Excess nickel solution was decanted, and the resins were washed with distilled water several times until no reaction was observed between the remaining Ni(II) in the wash water and dimethylglyoxime. A total of 25 mL of 4% NaBH 4 was added to the resin drop by drop while the mixture was being stirred. After gas evolution was completed, the black Ni/Ni x B-NPCR was washed with 5 mL of distilled water five times and with 5 mL of ethanol two times. The adsorbent was dried at ambient temperature. 
Dye adsorption studies
The adsorption experiments were performed in batch mode. Unless otherwise stated, 25 mL of 20 mg/L dye solutions were shaken with 30 (for BG), 45 (for PS and MB), and 60 mg (for BC and MV) adsorbents at ambient temperature for 60 (for BG, PS, and MB) and 240 min (for BCB and MV). To determine the optimum experimental conditions in the first step, 25 mL of dye solutions at different concentrations were shaken with 10 mg of sorbent for 24 h. After shaking for the optimum time, the dye-adsorbed Ni/Ni x B nanoparticle-coated resin was separated magnetically. The remaining concentrations of dyes in the solutions were measured by a spectrophotometer at the maximum wavelength for each dye. In this case, three sets of experiments were conducted simultaneously. The pH levels of the model solutions and standards were adjusted to 5.50 with acetic acid buffer before spectrophotometric measurements.
The effect of pH on the removal efficiencies was studied in the pH range of 3 to 10 using 10 mg of sorbent for shaking for 24 h. The initial pH of the solutions was adjusted to the desired value using NaOH or HCl. The optimization studies, such as adsorbent dose (0.2, 0.4, 0.6, 1.2, 1.8, 2.4, and 4 g/L), contact time (0, 5, 10, 15, 20, 40, 60, 120, 180, 240, and 1440 min), initial dye concentrations (5, 10, 25, 50, 100, 200, and 400 mg/L), and temperature (298 K, 303 K, 313 K, and 323 K) were performed. The dye removal efficiencies (R, %) and the adsorbed dye amounts (q, mg/g) were calculated using Eqs. (13) and (14), respectively:
Here, C i and C e indicate the initial and equilibrium (remained after adsorption) dye concentrations (mg/L), respectively; m is the amount of the adsorbent (g); V is the volume of the dye solution (L). Equilibrium, thermodynamic, and kinetic studies were also conducted.
Determination of point of zero charge pH
The pH pzc was determined by the immersion technique. In this technique, 25 mL of 0.1 mol/L KNO 3 solution was adjusted to different pH values using HCl or NaOH and was added to the adsorbents. Thereafter, the suspension was shaken for 24 h to obtain the equilibrium pH. The change of pH during equilibrium was calculated by subtracting the initial pH values from the final pH values. The ∆ pH values were then plotted against the initial pH values. The initial pH at which the ∆ pH was zero was taken to be the pH pzc .
